In order to better understand the role of the uid behavior in CMP, we measured slurry transport beneath a glass wafer. We quanti ed the slurry transport using Residence Time Distribution techniques and two measures of slurry transport e ciency de ned as the percentage of new slurry beneath a wafer. Slurry transport e ciency depended on platen speed, ow rate, and the conditioning method. We found that the average uid residence times under the wafer decreased roughly linearly with platen speed. A threefold increase in platen speed decreased slurry mean residence times by three and a half times. Changing the ow rate from 20 cc min to 50 cc min decreased the slurry mean residences by 80. In situ conditioning generally increased the slurry mean residence times and the amount of slurry mixing. In situ conditioning also decreased gradients in the slurry composition across the wafer. Pad topography had a large e ect on the slurry gradients that developed across the wafer. Finally, w e found that the slurry mixing history can be accurately modeled using a simple continuous function.
material away from the wafer's surface and substrate material is removed only if it is transported away from the wafer or chemically bound in some manner. Therefore, slower slurry entrainment rates should yield slower polishing rates. The same physical argument applies to slurry mixing. A reduction in slurry mixing should increase the polishing rate provided that the slurry is e eciently transported to and from the wafer surface because polished material is not mixing with the new slurry, resulting in more new slurry delivery to the wafer surface.
Non-uniform slurry transport may also in uence the polishing uniformity. Uneven or asymmetrical mixing across the wafer's surface may cause some areas of the wafer to be constantly exposed to a di erent slurry environment than other areas of the wafer. We h a ve noted that our polishing rates correlate with the non-linear slurry transport across the wafer's surface. That is, the center of the wafer entrains new slurry more slowly than the edges of the wafer and the polishing rates are faster on the edge of the glass compared with the center of the glass. Although our results do not prove that the edge fast polishing is caused by the uneven slurry transport, further investigation is warranted. This paper focuses on factors that in uence slurry transport beneath a wafer while polishing.
Experimental Apparatus
We h a ve created a functional small scale version of an industrial silicon dioxide oxide chemical mechanical polishing platform in order to develop a fundamental understanding of the CMP process. Although there are a variety of other polishing con gurations including linear and orbital polishers, the rotary polisher is the least complicated and therefore was adopted as a starting point. Likewise, our setup was built to mimic oxide substrates because it the most common type of polishing and the simplest in terms of slurry chemistry and consumable sets. Figure 1 shows an example of typical polishing rates obtained on the tabletop polisher.
The polishing substrate was BK7 optical glass polished on an IC1000 pad with Cab-O-Sperse SC1 slurry.
Note that the polishing rates are approximately 2000 A min. Our system consistently has higher removal rates on the edges of the wafer compared to the center of the wafer edge-fast polishing. Experiments showed that the polishing rates are not a ected by the presence of uorescent d y es. In order to create a 1:2 scale model of an industrial polisher, there were a number of parameters that had to be scaled. These parameters include platen diameter, wafer diameter, slurry ow rate, platen speed, head speed and wafer load. Since the IPEC 472 industrial oxide polisher is commonly found in IC circuit manufacturing centers, this platform was chosen as our industrial model. Scaling factors for each of these parameters are chosen so that the polishing uid mechanics mimic that of an IPEC 472 polisher. Table 1 shows the appropriate scaling factor for each parameter as well as a numerical comparison of our parameter values versus typical IPEC 472's parameter values. The ratio of platen to wafer diameters and the slurry ow rate normalized by the platen area were set equal to values found on an IPEC 472. The platen and head speeds are scaled by k eeping the range of slurry Reynolds numbers equivalent b e t ween our model and the IPEC 472. An equivalent Reynolds number can be achieved by making the relative v elocity b e t ween pad and wafer on our model equal to the relative v elocity b e t ween the pad and wafer on the IPEC 472. This assumes that the kinematic viscosity of the slurry and the pad-wafer gap on the two polishers is equivalent. Table 1 about here. Figure 2 shows our modi ed CMP setup used to study the slurry ow beneath a wafer. A tabletop Struers RotoPol-31 polisher is used to rotate a 30.5 cm 12" polishing pad. The standard RotoPol head has been replaced with a 20" industrial rated drill press that both rotates and applies down force to a 76 mm 3" wafer. A w eighted carriage mounted on a traverse provides a variable 7-70 kPa + -1 kPa or 1-10 psi + -0.2 psi down force to the wafer. The traverse is attached to the drill press at two locations; the traverse's pivot point is located above the drill press supporting column while the other end of the traverse is prevented from pivoting by the drill press shaft. This arrangement allows the down force to be transmitted to the wafer without creating a moment about the drill press itself. The wafer is gimbaled so that it remains roughly parallel to the pad surface. Since we are measuring uid parameters using an optical technique known as dual emission laser-induced uorescence or DELIF drescribed in Section 4 25 , the wafer must be transparent and a pure silicon wafer cannot be used. Instead, a glass wafer that is transparent to visible light is used. Two high-resolution spatially aligned 12 bit digital cameras are used to measure the uorescence beneath the wafer. In situ or ex situ pad conditioning can be performed using the device shown in Figure 3 . A 76 mm 3" diamond grit wafer co-rotating with the platen conditions the pad by periodically sweeping across the pad radius. Many of the polishing parameters including platen speed, down force, slurry delivery, and conditioning speeds are computer controlled and monitored. In addition, the computer synchronizes the camera to the polishing process so that we can interrogate the wafer at any point in the polishing process. 
DELIF Measurement Technique
The DELIF technique uses the uorescence from two di erent dyes each uorescing at di erent wavelengths to measure mixing, uid depth, or temperature and is described in detail in Coppeta and Rogers 25 .
The uorescence from one dye contains the information about the parameter of interest as well as the laser distribution and lm thickness information. If mixing is the desired parameter, uorescence from the second dye will contain the laser distribution and lm thickness information. Normalizing the uorescence of the rst dye b y the uorescence from the second dye causes the resulting ratio to be a function of mixing only.
Our previous work Coppeta et al. 26 -27 has shown that by injecting tagged commercially available slurry with two uorescent d y es, slurry mixing, entrainment beneath the wafer, residence time on the pad, and lm thickness can be measured. For the purposes of this paper, we are concerned with the slurry mixing only.
Repeated calibration curves have shown that the uncertainty in the DELIF measurements of mixing are less than 2 of the volumetric mixing. Mixing measurements beneath the wafer are an exponentially weighted average of the slurry mixing values at each uid depth between the pad and wafer with the slurry closest to the wafer having the greatest weighting factor. For the system we are investigating, uid at depths greater than 400 m below the slurry surface does not contribute to the average measurement although this number varies depending upon the dye concentrations and the excitation and emission wavelengths.
Therefore, we are unable to measure the slurry mixing in pad grooves greater than 400 m 15 mils.
Methodology
The two-camera system acquires a series of images whenever a pulse of "new" slurry is injected onto the pad where "new" slurry refers to the uorescent d y e used to tag the slurry. Unless otherwise noted, slurry tagged with Dihydroxypthalonitrile green uorescence is considered "new" slurry and slurry tagged with Coumarin blue uorescence is considered "old" slurry. New slurry was pulsed onto the pad for a 60 second duration. Images were typically acquired at 0.5 Hz for up to two minutes in order to capture the entire mixing history. The exposure time for each image was 700 ms. Figure 4 . Through image processing, we aligned the two images to within a fraction of one pixel in the vertical and horizontal directions. Since each pixel maps onto 50 m in the image plane, our spatial resolution is less than 100 m in each direction. Image processing was also used to select a subsection from each image for analysis. The image subsections were then used to calculate statistics such as the mean concentration of new slurry, standard deviation, and mixing gradients. The image subsection was selected by the user for each case, and all images within a case were analyzed using the same image subsection. Because the camera may h a ve been moved over a period of days, the image subsection had to be re-selected between cases so that the same part of the wafer was analyzed. The subsection was centered about the center of the wafer and was approximately 2.25 by 3.8 cm, as shown in Figure 5 . This image area is focused onto approximately 260,000 pixels of the CCD. Therefore, each point in the mixing history represents the average of 260,000 data points. Finally, since a polishing pad is an open system, it is useful to characterize slurry transport in terms of an entrainment e ciency. This e ciency can be de ned as the volume of new slurry entrained beneath the wafer compared to the total amount of slurry entrained beneath the wafer for a given pulse length of new slurry. That is, the amount of new slurry that displaces the old slurry beneath the wafer within a certain process window where the process window is de ned as a change in the process that lasts 60 seconds. This e ciency can refer to just the wafer or the system as a whole. The rst, a wafer e ciency, treats the wafer as a separate system independent of the platen and can be written as wafer = V NewEntrained V TotalEntrained 100; 3
where wafer is the transport e ciency, V NewEntrained is the volume of new slurry that becomes entrained beneath the wafer, and V TotalEntrained is the total amount of slurry entrained beneath the wafer in a given period of time. For wafer the amount of new uid is compared to the total uid beneath the wafer when the new slurry rst begins to be entrained. The second e ciency that can be de ned includes the slurry transport to the wafer and is written as system = V NewEntrained V TotalEntrained
100; 4
where system is the slurry transport across the pad and beneath the wafer. The two e ciencies wafer and system di er by the slurry uid mechanics that transport the slurry to the wafer and are shown schematically in Figure 10 . Note that system will be less than wafer because of the additional slurry entrained beneath the wafer before the new slurry is transported to the wafer. Both formulations of e ciency are time dependent since a longer pulse of new slurry will have a higher e ciency; a longer pulse length will cause the transient mixing to become less signi cant. We feel the time dependence in the e ciencies is important because wafers are typically polished for a relatively short period of time. In cases where the transients in the mixing curves can be on the same order of magnitude as the polishing time minutes, the transient behavior is important.
Experimental Results
This section shows how slurry transport is in uencec by platen speed, ow rate, conditioning, and pad grooving. Plots with the pre x "cond" in the legend refer to data taken with in situ conditioning; those without refer to runs with ex situ conditioning. Time zero in the plot is when the new slurry rst hits the center of the pad.
A single example of the wafer mixing history Figure 7 illustrates a number of important concepts.
First, the 60 second mixing curves are generally shaped like an asymmetrical sigmoid. The rate of new slurry entrainment i s v ery fast initially but then slows down as the concentration of new slurry beneath the wafer approaches 100 percent. This is due to the fact that initially all new slurry is displacing pure old slurry both on the pad and beneath the wafer, causing a fast increase in the concentration of new slurry. As time progresses, the new uid displaces a mixture of old and new slurry. As the slurry beneath the wafer and on the pad approaches 100 percent new slurry, the new slurry introduced onto the pad is displacing slurry that is very nearly the same concentration. After the 60 second period, no more "new" or tagged slurry is introduced onto the pad and therefore the mixing plot drops back to zero. away from the pad center more slurry is drawn onto the pad surface where it accumulates in a standing wave at the leading edge of the wafer bow wave. Since the slurry deposited on the pad surface by the conditioner is a mixture and is older than the new slurry introduced onto the pad, the rate of new slurry decreases as the conditioner moves away from the pad center. The wafer's slurry transport e ciency is 13
higher with ex situ conditioning 84 compared with in situ conditioning 71 because the conditioner is diluting the new slurry with old slurry. The system's transport e ciencies are 79 and 67 for ex situ and in situ respectively. The system e ciencies are characteristically lower than the wafer's e ciency since pure old slurry is entrained beneath the wafer until the new slurry is transported to the wafer. The di erence between wafer and system are similar between the in situ and ex situ conditioning cases indicating that the conditioner does not play a large role in bulk slurry transport to the wafer for grooved pads. While in situ conditioning reduces new slurry entrainment rates for grooved pads it has the opposite e ect for at pads as shown in Figure 8 Rodel IC1000 pad, 60 rpm, 35 cc min, 4 psi, no grooving. The slurry MRT for in situ conditioning is 30 lower than ex situ conditioning 13.8 versus 19.5 seconds respectively.
Flow visualization shows that in the absence of in situ conditioning, the slurry forms a pool in the center of the pad and the wafer precludes the slurry from e ciently spreading out across the entire pad. With in situ conditioning, the conditioner breaks up the pool of new slurry in the center of the pad and distributes it across the entire pad thus increasing the slurry entrainment e ciency. This motion causes a 40 increase in the slurry mixing compared to the ex situ conditioning. Note that the conditioner still causes oscillations in the mixing curves. The rst two oscillations cause a large increase in the mixing rate as each time the conditioner moves to the center of the pad it distributes the pool of new slurry beneath the wafer. The wafer's slurry transport e ciency is approximately the same for both conditioning methods. The wafer's transport e ciencies were 77 and 78 for ex situ and in situ conditioning respectively. A signi cant di erence is evident i n t h e system which is 70 and 78 for ex situ and in situ conditioning respectively. This di erence indicates that unlike grooved pads, in situ conditioning plays a role in bulk slurry transport for at pads.
The higher system with in situ conditioning indicates that the conditioner sweeps slurry from the center of the pad to the wafer faster than the slurry would normally be transported without the conditioner. In situ conditioning can reduce the rate of mixing for at pads when the pad is ooded with slurry. This occurs when the platen is rotating slowly and the ow rates are moderate to high. Figure 9 shows an example of this situation Cabot pad, 30 rpm, 35 cc min, 4 psi, no grooving. A ooded pad stores a lot of old slurry because the slurry does not leave the pad very quickly. In situ conditioning forces the new slurry to mix with all of the old slurry on the pad thereby reducing the entrainment rate. With ex situ conditioning new slurry can displace the old slurry without having to completely mix with it, although recirculation patterns on the pad do cause some mixing to occur. In situ conditioning causes the slurry MRT to double compare to ex situ conditioning. These recirculation patterns are responsible for the oscillations evident in the ex situ conditioning mixing curves. The transport e ciencies were wafer =62 system =57 and wafer =45 system =45 for ex situ and in situ conditioning respectively. These values of wafer and system are the lowest of all of the conditions investigated and indicate that low platen speeds entrain new uid ine ciently.
Again in situ conditioning plays a large role in the bulk slurry transport to the wafer and dilutes the new slurry on the pad. In addition to conditioning, platen speed and ow rate have a large e ect on the mixing curves. Increasing either ow rate or platen speed increases the entrainment rate, as seen in Figures 10 and 11 respectively. Figure 10 shows that tripling the platen speed 30 to 90 rpm causes the slurry MRT to decrease by a factor of 3.5. The transport e ciencies are wafer =88, system =84 and wafer =62, system =54 for 90 rpm and 30 rpm respectively. Higher platen speeds decrease the slurry MRT and increase the e ciencies because the pad stores less old slurry on the pad and increases the slurry ow in the pad's radial direction. As expected the platen speed has a large e ect on the slurry transport from the center of the wafer to the wafer as seen in di erence between the wafer and system e ciencies in the 30 rpm and 90 rpm cases. Figure 11 shows that increasing the ow rate from 20 cc min to 50 cc min causes the slurry MRT to decrease by 80. Increasing the slurry ow rate has a similar e ect as platen speed in increasing the slurry ow in the radial direction. However, unlike platen speed, increasing the slurry ow rate can increase the storage of slurry on the pad that may dilute the new slurry. The transport e ciencies are wafer =87, system =81 and wafer =77, system =74 for 50 cc min and 20 cc min respectively. It is evident that increasing the ow rate increases the slurry transport e ciency by increasing the rate of slurry ow in the radial direction. Grooved pads have a v ery di erent slurry gradient pattern for ex situ conditioning, as shown in Figure   13 . The grooved pads support a linear gradient in the concentration of new slurry across the wafer. This is because the grooved pads channel the slurry in the radial direction and prevent slurry from mixing with its nearest neighbor. Like the at pad, conditioning reduces slurry gradients by mixing and distributing the slurry across the pad. 
Modeling
We performed 46 di erent mixing measurements in a statistically designed experiment t o i n vestigate the e ects of the main CMP parameters including platen speed, ow rate, wafer down force, pad manufacturer, and pad topography. We found that all of the mixing curves could be described by the following simple The amount of mixing beneath the wafer will be the amount of unrestricted mixing multiplied by some weighting factors. As more new slurry covers the pad and becomes entrained beneath a wafer, the mixing rate will decrease. This is because the new slurry A will have a higher probability than the old slurry B of replacing new slurry in a uid element as new slurry becomes more abundant. Therefore the weighting factors should be a function of the amount of the amount of uid "B" left on the pad and beneath the wafer.
These weighing factors will have t wo contributing parts: 1 mixing with slurry in the bow w ave and on the pad V b Vt and 2 mixing under the wafer itself also V b
Vt .The rate of restricted mixing, d , can be written 
Conclusion
In this paper, we examined factors in uencing slurry transport. Slurry transport beneath a wafer while polishing was quanti ed by four di erent measures; slurry mean residence time, slurry mixing, wafer slurry transport e ciency, wafer , and system slurry transport e ciency, system . The slurry transport e ciencies varied from approximately 45 to 90. Both measures of slurry transport e ciency increased with increasing platen speed and ow rate. These e ciencies are useful for general physical insight i n to the slurry transport and may be replaced after further research ndings. Mean slurry transport can be modeled with a simple continuous function for all of the conditions investigated. Signi cant di erences were seen between slurry gradients that developed across a wafer surface on a at pad as compared with a grooved pad, implying that pad topography plays a strong role in maintaining uniformity across the wafer. In situ conditioning was shown to have a large e ect on the slurry transport. In general, the amount of slurry mixing increased and the rate of slurry transport decreased with in situ conditioning. Changes in system with in situ conditioning showed that in situ conditioning aided slurry transport to the wafer with at polishing pads. Finally, in situ conditioning reduced gradients in the slurry age across the wafer. Future investigations will attempt to correlate the polishing performance to the slurry behavior observed. Also the results shown here will be reproduced on an IPEC 372 tool to ensure that all of the scaling arguments apply. 
